Polycomb group (PcG) proteins are epigenetic modifiers involved in controlling gene repression. Organized within multiprotein complexes, they regulate developmental genes in multiple cell types and tissue contexts, including embryonic and adult stem cells, and are essential for cell fate transitions and proper development. Here, we summarize recent breakthroughs that have revealed the diversity of PcG complexes acting in different cell types and genomic contexts. Intriguingly, it appears that particular PcG proteins have specific functions in embryonic development, in pluripotent stem cells and in reprogramming somatic cells into a pluripotent-like state. Finally, we highlight recent results from analyzing PcG protein functions in multipotent stem cells, such as neural, hematopoietic and epidermal stem cells.
Introduction
Although stem cells were discovered decades ago (Till and McCulloch, 1961; Spangrude et al., 1988) , their potential as model cells for studying cell differentiation, tissue homeostasis and regeneration has only recently begun to be realized. In particular, embryonic stem cells (ESCs), which are pluripotent cells capable of giving rise to all cell types of the embryo (Boiani and Schöler, 2005) , provide a valuable tool for studying embryonic development in vitro.
Several transcription factors have been identified as master regulators of pluripotent and multipotent stem cells (Niwa, 2007) . Increasing evidence suggests that epigenetic modifications additionally play a crucial role in regulating stem cell characteristics. Among the chromatin modifiers, Polycomb group (PcG) proteins function as gene repressors and are involved in the regulation of stem cell characteristics (Simon and Kingston, 2009 ). The PcG was originally described as a set of genes responsible for controlling proper body segmentation in Drosophila (Lewis, 1978) . During Drosophila embryonic development, PcG proteins repress the homeobox genes of the Hox cluster, thereby determining the proper activation of homeotic genes (Schuettengruber and Cavalli, 2009) . The function of PcG proteins as repressors of developmental genes is strongly conserved in mammals (Morey and Helin, 2010) . Here, we discuss the latest insights into PcG-mediated epigenetic regulation in stem cells and embryonic development.
Molecular activities of PcG complexes
In mammals, PcG proteins are found in several multiprotein complexes (Simon and Kingston, 2009 ), the best characterized of which are Polycomb repressive complexes 1 and 2 (PRC1 and PRC2) (Margueron and Reinberg, 2011) . As epigenetic modifiers, PcG complexes promote gene repression via particular chromatin modifications and compaction (Fig. 1) .
Here, we provide a brief overview of the molecular mechanisms by which PcG complexes regulate gene expression; for further details, we refer the reader to recent reviews (Lanzuolo and Orlando, 2012; Simon and Kingston, 2013) . At the molecular level, PRC2 is responsible for di-and tri-methylation of lysine 27 of histone H3 (H3K27me2/me3), which act as repressive epigenetic marks ( Fig. 1A ) (Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002; Müller et al., 2002) . PRC1, by contrast, mediates the monoubiquitylation of histone H2A, which impairs transcriptional elongation (Stock et al., 2007) and is crucial for gene repression (Fig. 1B) . PRC1 also represses genes through mechanisms such as chromatin compaction (Fig. 1C) (Francis et al., 2004; Endoh et al., 2012) and decreasing nucleosomal turnover (Deal et al., 2010) . In addition to its function in repression, the H2AK119ub mark is essential for PRC1 displacement from chromatin, thus allowing gene activation upon differentiation stimuli (Richly et al., 2010) .
PRC2 components in mammals
The PRC2 core complex of Drosophila is formed by Enhancer of zeste [E(z) ], Suppressor of zeste [Su(z) ] and Extra sexcombs (Esc) ( Table 1 ). In mammals, Ezh1 and Ezh2, homologs of E(z), are histone methyltransferases responsible for the enzymatic activity of PRC2 (Margueron et al., 2008) . The other core PRC2 components, which comprise a homolog of Su(z) , Suz12, and a homolog of Esc, Eed, are necessary for complex assembly and for proper enzymatic activity (Cao and Zhang, 2004; Pasini et al., 2004; Ketel et al., 2005) . It is still not clear how PRC2 is recruited to DNA in mammals (as discussed below). It has been suggested that the Jumonji/ARID domain-containing protein Jarid2 (Peng et al., 2009; Shen et al., 2009; Li et al., 2010; Pasini et al., 2010) and the members of the Polycomb-like family, the Pcl proteins, are responsible for PRC2 recruitment to target genes in mammals, albeit through different mechanisms (Walker et al., 2010; Ballaré et al., 2012; Brien et al., 2012; Hunkapiller et al., 2012; Musselman et al., 2012) . The ARID domain of Jarid2 binds directly to DNA enriched in GC and GA dinucleotides, whereas the Tudor domain of Pcl proteins recognizes methylated H3K36, an histone mark that is associated with transcriptional elongation. This suggests that the Pcl family of proteins facilitates PcG-mediated silencing of previously active genes. Moreover, the fact that Jarid2 and the Pcl proteins are thought not to be present in the same complexes (Ballaré et al., 2012) indicates that, in mammalian cells, distinct PRC2 complexes target different genes.
PRC1 components in mammals
The Drosophila PRC1 core complex is formed by Polycomb (Pc), Polyhomeotic (Ph), Posterior sex combs (Psc) and Sex combs extra (Sce, also known as Ring) (Morey and Helin, 2010) . In mammals, the composition of PRC1 is much more diverse and varies depending on the cellular context (Table 1) (Gao et al., 2012; Luis et al., 2012) . All PRC1 complexes contain homologs of the Drosophila Ring protein. Ring1A and Ring1B (which are also known as Rnf1 and Rnf2, respectively) are E3 ubiquitin ligases (de Napoles et al., 2004; Leeb and Wutz, 2007) that decorate lysine 119 of histone H2A with a single ubiquitin group (H2AK119ub) (Wang et al., 2004a) . Homologs of Drosophila Psc, such as Mel18 (Pcgf2) or Bmi1 (Pcgf4), regulate PRC1 enzymatic activity (Brunk et al., 1991; Kanno et al., 1995) .
PRC1 complexes can be divided into at least two classes according to the presence or absence of Cbx proteins, which are homologs of Drosophila Pc. Canonical PRC1 complexes contain Cbx proteins that recognize and bind H3K27me3, the mark deposited by PRC2 (Table 1) . Therefore, canonical PRC1 complexes and PRC2 can act together to repress gene transcription. Non-canonical PRC1 complexes, which contain Rybp (together with additional proteins, such as L3mbtl2 or Kdm2b) rather than the Cbx proteins (Fig. 1D ), have recently been described in mammals (García et al., 1999; Trojer et al., 2011; Farcas et al., 2012; Gao et al., 2012; Hisada et al., 2012; Qin et al., 2012; Tavares et al., 2012; He et al., 2013; Wu et al., 2013) (Table 1) . At the molecular level, Rybp-PRC1 and Cbx-PRC1 have been shown to regulate different target sets (Morey et al., 2013) . However, this study also showed that a common subset of genes is co-regulated by both Rybp-PRC1 and Cbx-PRC1 in stem cells, indicating that the intricate interactions between these different complexes are dependent upon the developmental and cellular context.
PcG recruitment: involvement of CpG islands and DNA methylation
In addition to recruitment via Jarid2 and Pcl proteins, PRC2 occupancy has been associated with large unmethylated CpG islands (Ku et al., 2008 ) through a mechanism that might involve Pcl3 (Phf19) (Hunkapiller et al., 2012) . DNA demethylation can be achieved via the action of the Tet proteins (Tan and Shi, 2012) and recent data indicate that Tet1 is necessary for the chromatin binding of PRC2 As mentioned above, the chromodomain of Cbx proteins recognizes the H3K27me3 mark deposited by PRC2 (Fischle et al., 2003) , thus recruiting canonical PRC1 complexes and leading to co-occupancy by PRC1 and PRC2 at the same chromatin loci (Morey et al., 2012) . However, H3K27me3 is not always sufficient to recruit PRC1 (Schoeftner et al., 2006; Tavares et al., 2012) , and, in the case of non-canonical PRC1 variants, the absence of Cbx means that an alternative recruitment mechanism must be invoked. Recent work in mouse ESCs indicates a role for the DNA methylation state in the recruitment of PRC1 as well as PRC2. The PRC1 component Kdm2b is able to recruit PRC1 to unmethylated CpG islands independently of PRC2 (Farcas et al., 2012; He et al., 2013; Wu et al., 2013) (Fig. 1D) . These data thus suggest that the methylation state of CpG islands modulates the occupancy of different Polycomb complexes. However, further studies are necessary to characterize the molecular link between DNA methylation and PcG occupancy in order to fully understand how the dynamic occupancy of Polycomb complexes is achieved in different cellular contexts.
PcG functions in mammalian embryogenesis
In this Review, we focus primarily on the functions of PcG proteins in stem cells. The following section provides a brief summary of their roles during embryogenesis, elucidated via analyses of knockout (KO) mice for various PcG components. Such studies have revealed key functions for these proteins in embryonic development, with mutant embryos typically displaying gastrulation defects. Specifically, KO embryos for the PRC2 components Suz12, Ezh2 and Eed die during early postimplantation stages (Faust et al., 1995; O'Carroll et al., 2001; Pasini et al., 2004) . Unlike the early and broad developmental defects seen upon KO of core PRC2 components, Jarid2 deletion has a distinct effect, causing defects in neural tube formation [at 15.5 days postcoitum (dpc)] (Takeuchi et al., 1995) . By contrast, Pcl2 (Mtf2) regulates left-right asymmetry in chicken embryos (Wang et al., 2004b) but is dispensable in mouse (Wang et al., 2007) . The fact that Jarid2 and Pcl2 KO mice exhibit different phenotypes, each of which is less severe than that of core PRC2 component KO, supports the idea that they are not core components of the complex but rather regulate PRC2 activity in specific contexts.
Loss of the enzymatic subunit of PRC1, Ring1B, results in embryonic lethality, whereas Ring1A KO mice are viable (de Napoles et al., 2004) . Ring1B KO causes gastrulation arrest (Voncken et al., 2003) . In addition, a mouse line with a hypomorphic Ring1B allele shows posterior homeotic transformation of the axial skeleton (Suzuki et al., 2002) . Noncanonical PRC1 components are essential for embryonic development: Rybp KO embryos exhibit lethality at the early postimplantation stage (Pirity et al., 2005) , L3mbtl2 is essential for gastrulation (Qin et al., 2012) and Kdm2b for proper embryonic neural development (Fukuda et al., 2011) . By contrast, loss of the Cbx proteins, which are responsible for recruiting the canonical PRC1 to chromatin, does not affect embryonic development. Indeed, mutants for Cbx2 or Cbx4 displayed postnatal lethality (Coré et al., 1997; Liu et al., 2013) . Interestingly, Cbx4 has been reported to specifically regulate the proliferation of thymic epithelial cells and the maintenance of thymic epithelium, uncovering a novel PcG function in the immune system (Liu et al., 2013) . Although adult Cbx7 KO mice are viable, they show increased susceptibly to lung and liver neoplasia (Forzati et al., 2012) , suggesting a role for Cbx7 as a tumor suppressor. This contrasts with previous reports indicating that Cbx7 is an oncogene (Bernard et al., 2005; Scott et al., 2007) ; the role of this protein is therefore still a matter of debate. Genetic deletion of Mel18 or Bmi1 caused defects in anterior-posterior specification of the axial skeleton (van der Lugt et al., 1994; Alkema et al., 1995; Akasaka et al., 1996) . Mel18/Bmi1 double-KO mice died at ~9.5 dpc (Akasaka et al., 1996) and displayed more severe developmental defects than either single KO, suggesting that Mel18 and Bmi1 have partially redundant functions as well as some independent roles, as manifested in the phenotypes of the single KOs. In the future, genetic deletion of the other putative components of PRC1, such as the mammalian homologs of Drosophila Ph and Psc, will be important to elucidate their function in development.
Roles of PcG complexes in ESCs
Accumulating data suggest that PcG proteins are essential for ESC differentiation, whereas their role in self-renewal remains controversial. We first present evidence for the role of PcG proteins in these two processes, and then discuss how the composition of PRC1 could confer specificity to complex activity.
Self-renewal
In mouse ESCs, PRC1 and PRC2 repress genes involved in differentiation (reviewed by Surface et al., 2010) . In the last few years, ESC lines from several KO and knockdown mice have been generated to investigate PcG function. Genetic depletion of Eed or Ring1B, which almost completely abolished PRC1 or PRC2 activity, respectively, led to an increase in the expression of differentiation markers under basal conditions (Leeb and Wutz, 2007; Leeb et al., 2010) . However, neither Eed nor Ring1B loss affects the expression of pluripotency genes or the self-renewal ability of the cells (Chamberlain et al., 2008; Endoh et al., 2008) . Notably, depletion of both Ring1A and Ring1B impaired ESC selfrenewal, indicating that Ring1 proteins (and hence PRC1) are essential for ESC identity (Endoh et al., 2008) . Additional PRC2 components, such as Pcl2 and Pcl3, also contribute to the ESC self-renewal network and are required for the expression of key pluripotency markers in proliferating conditions (Walker et al., 2010; Ballaré et al., 2012; Hunkapiller et al., 2012) . Since such effects on the expression of pluripotency genes are not seen upon depletion of core PRC2 components, this suggests that Pcl2 and Pcl3 possess PRC2-independent functions -the molecular basis of which is not yet clear -in addition to their role in recruiting the complex to chromatin.
Interestingly, it has been reported that a set of Polycomb targets involved in metabolic processes is also expressed in mouse ESCs, despite Polycomb being associated with repression (Brookes et al., 2012; Morey et al., 2013) . Indeed, these genes exhibit elongating RNA polymerase II within the gene body. However, consecutive chromatin immunoprecipitation (re-ChIP) experiments indicate that PRC1 and the elongating RNA polymerase II are present on different alleles (Brookes et al., 2012) . This suggests that the independent regulation of the two alleles contributes to the modulation of gene expression in mouse ESCs.
ESC differentiation
Although several PcG components have been characterized as positive regulators of the ESC state, they have also been clearly identified as necessary for proper ESC differentiation. Specifically, Ezh2 is required to generate mesendodermal lineages (Shen et al., 2008) and Suz12 KO ESCs fail to generate proper endodermal lineages (Pasini et al., 2004) . Surprisingly, Eed KO ESCs are able to differentiate into the three germ layers and to contribute to chimera formation (Chamberlain et al., 2008) , although some defects in their ability to form teratomas have been documented (Leeb et al., 2010) . Other members of PRC2, such as Jarid2 and the Pcl proteins (Pcl2 and Pcl3), have also been reported to be essential for proper differentiation (Peng et al., 2009; Pasini et al., 2010; Walker et al., 2010; Ballaré et al., 2012) .
The loss of the PRC1 E3 ubiquitin ligase Ring1B impaired the proper expression of differentiation markers when ESCs were grown as embryoid bodies (Leeb and Wutz, 2007) . Other components of PRC1, such as the Cbx proteins (see below), Rybp and L3mbtl2, are also required for ESC differentiation (Hisada et al., 2012; Morey et al., 2012; Qin et al., 2012; Tavares et al., 2012) . Interestingly, ESCs lacking either Ring1B or Eed were still able to form teratomas, but these were found to be smaller, with an increase in the ectodermal or endodermal fraction, respectively (Leeb et al., 2010) . By contrast, ESCs with a double KO for Eed and Ring1B, which almost completely abolished the activity of both PRC1 and PRC2, were not able to form teratomas, indicating that depletion of both complexes blocks differentiation, and further confirming that they have at least partially independent functions.
Variation in PRC1 composition in ESC self-renewal and differentiation
How can PRC1 promote both self-renewal and differentiation? Recent evidence suggests that a switch in the Cbx protein composition of the canonical PRC1 occurs when self-renewing ESCs begin to differentiate. Cbx7 is the main component of canonical PRC1 (which is present in self-renewing ESCs), whereas Cbx2 and Cxb4 are found in PRC1 variants in differentiating ESCs (Morey et al., 2012; O'Loghlen et al., 2012) . The role of Cbx7 in self-renewal is controversial: O'Loghlen and colleagues reported that depletion of Cbx7 impairs ESC self-renewal, whereas Morey and colleagues found no role for Cxb7 in this process. Both studies also addressed the role of Cbx in differentiation, finding that Cbx7-depleted ESCs gave rise to teratomas with an increased ectodermal fraction, in line with the negative regulation mediated by Cbx7-PRC1 of several ectodermal genes in ESCs.
Cbx2 and Cbx4 were found to be upregulated upon differentiation, concomitant with the downregulation of Cbx7 (Morey et al., 2012) . Thus, Cbx2 and Cbx4 appear to replace Cbx7 in differentiating cells, thereby targeting PRC1 to a different set of genes, such as pluripotency regulators and specific mesodermal/endodermal markers. At the molecular level, Cbx2 and Cbx4 have non-overlapping functions, repressing distinct subsets of genes in differentiated ESCs (Morey et al., 2012) .
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teratomas derived from Cbx2-and Cbx4-depleted ESCs displaying an aberrant increase in the number of endodermal and mesodermal cells compared with control cells, in agreement with their genome binding profiles (Morey et al., 2012) .
Notably, in ESCs, Cbx7 and Ring1B occupy the Cbx2 and Cbx4 promoters, indicating that Cbx7-PRC1 is responsible for the repression of these genes in self-renewing cells, whereas Cbx2/4-PRC1 appears to repress Cbx7 in differentiated ESCs (Morey et al., 2012) . Therefore, an autoregulatory loop is likely to control the Cbx composition of PRC1 and to drive the transition of ESCs from self-renewal to a differentiated state.
PcG complexes regulate bivalent genes in mouse ESCs
Bivalent domains, which are regions decorated with both active (H3K4me3) and repressive (H3K27me3) marks, have been identified in mouse ESCs (Azuara et al., 2006; Bernstein et al., 2006) . As mentioned above, the repressive H3K27me3 mark is deposited by PRC2 and can in turn recruit PRC1. In parallel, the active H3K4me3 mark is deposited by the trithorax/MLL complex (Schuettengruber et al., 2011) . Such regions are not unique to ESCs but have also been identified in other multipotent stem cells (as discussed below) (Mohn et al., 2008; Cui et al., 2009) .
In addition to the presence of an active H3K4me3 mark, bivalent genes are characterized by the presence of poised RNA polymerase II ( Fig. 2A) (Brookes et al., 2012) . Despite this, they remain transcriptionally silent. Current models propose that bivalency allows a rapid transition from repression to activation of developmental genes upon differentiation stimuli (Azuara et al., 2006; Bernstein et al., 2006) . Thus, a fine-tuned regulation of bivalent domains is essential for proper development, as they regulate the precise course of gene expression during pluripotency and differentiation (Jia et al., 2012) .
Upon ESC differentiation, bivalent domains need to be resolved into activated or repressed genomic loci according to the differentiation process (Fig. 2B) (Mikkelsen et al., 2007; Alder et al., 2010) . Mohn and collaborators have reported that new bivalent domains are acquired in neural progenitors derived from ESCs, indicating that epigenetic regulation mediated by PcG complexes is highly dynamic and cell type specific (Mohn et al., 2008) . Similarly, analysis of the differentiation of ESCs into cardiomyocytes indicates a dynamic reorganization of bivalent domains (Paige et al., 2012) . Recently, Marks and colleagues have reported that the number of bivalent domains decreases from ~3000 in ESCs grown in serum-containing medium to fewer than 1000 in ESCs grown in 2i-containing medium (Marks et al., 2012) . This suggests that the establishment of at least some bivalent domains is dependent on cell culture conditions, thus questioning their relevance under physiological conditions. Nevertheless, evidence demonstrating that bivalent domains regulate developmental genes has recently been reported in zebrafish embryos, indicating that the observations from ESCs are likely to be relevant in vivo (Vastenhouw et al., 2010) . In summary, the establishment of bivalent domains appears to be a conserved mechanism to regulate the key stem cell features of self-renewal and differentiation. Mechanistically, developmental PcG targets are kept silent, yet can be rapidly activated when the cell receives appropriate cues. Thus, the key function of the bivalent domains in pluripotent and multipotent stem cells could explain, at least in part, the dual role exerted by PcG complexes in self-renewal and differentiation (as discussed further below).
PcG proteins promote somatic cell reprogramming
Somatic cells can be reverted into a pluripotent-like state using several techniques, such as somatic cell nuclear transfer (SCNT) and cell fusion (Jaenisch and Young, 2008). Pereira and colleagues provided the first evidence that PcG genes play a crucial role in reprogramming mediated by cell fusion (Pereira et al., 2010) . They showed that mouse ESCs depleted of individual members of PRC1 or PRC2 (e.g. Eed, Suz12, Ezh12, Ring1A and Ring1B) fail to properly reprogram human B lymphocytes. The discovery that somatic cells can be reprogrammed into induced pluripotent stem cells (iPSCs) using a combination of four transcription factors (the so-called Yamanaka factors) opened new avenues for the use of reprogrammed cells in in vitro disease modeling and cell therapy (Takahashi and Yamanaka, 2006; Robinton and Daley, 2012) . Functionally, iPSCs recapitulate all the features of pluripotent ESCs, including the ability to differentiate into the desired cell type under appropriate culture conditions. However, there are technical limitations in the generation of iPSCs, primarily in terms of the low efficiency (~0.1%) and long time required to obtain reprogrammed clones (Stadtfeld et al., 2008) . Several reports suggest that these limitations are likely to be related to the difficulties in overcoming epigenetic barriers. For instance, depletion of a PRC2 component, such as Jarid2, Pcl2 or the novel component esPRC2p48, impaired the reprogramming of fibroblasts into iPSCs . By contrast, overexpression of PRC2 components facilitated the reprogramming process. Similarly, Onder and colleagues reported that the loss of the PRC1 components BMI1 and RING1B, and of the core PRC2 components EZH2, EED and SUZ12, significantly decreased human iPSC generation (Onder et al., 2012) . Moreover, Bugamin and colleagues recently proposed that Ezh2 is not only able to increase iPSC efficiency but can also be used as part of a new reprogramming cocktail of transcription factors, which includes Lin28, Sall4, Nanog, Klf4 and c-Myc (Buganim et al., 2012) . This new combination of factors is able to generate iPSC-like cells in culture, although the cells show incomplete reactivation of the endogenous pluripotency program and are therefore not fully reprogrammed or stable.
All of these observations clearly indicate that PcG proteins modulate the reprogramming of differentiated cells into pluripotent cells. The mechanisms underlying this process are still under investigation, and, in particular, how PcG proteins affect reprogramming has not been addressed in detail.
PcG complex activities in tissue stem cells
The roles of PcG complexes have been most extensively analyzed in ESCs, but key functions have also been identified in various tissue stem cells. Below, we summarize the known roles of PcG proteins in the nervous and hematopoietic systems and in skin.
PcG proteins regulate self-renewal and the neurogenicastrogenic switch in neural progenitors
Neural progenitors are self-renewing, multipotent cells that are able to give rise to neurons and glial cells. In the developing neocortex, neurons and astrocytes are derived from common neural progenitors. An initial neurogenic phase is followed by an astrogenic phase (Hirabayashi and Gotoh, 2005) . This switch from a neurogenic to an astrogenic fate is crucial for proper cortical development. In vitro, neural progenitors that closely resemble those found in vivo can be efficiently derived from ESCs (Conti et al., 2005; Bibel et al., 2007) . The presence of bivalent chromatin domains in neural progenitors derived from ESCs suggests that PcG proteins also have a function in neural progenitors (Mohn et al., 2008) , and several functional analyses have established PcG complexes as crucial regulators of neural progenitor features such as proliferation, self-renewal and differentiation in vitro as well as in vivo.
In culture, neural progenitors depleted of the PRC1 enzymatic subunit Ring1B exhibited proliferation and self-renewal defects as well as premature neuronal (but not glial) differentiation in basal conditions (Román-Trufero et al., 2009) . Interestingly, the PRC1 component Bmi1 has been reported to control the proliferation of neural progenitors by repressing p21 (Cdkn1a) (Fasano et al., 2007; Román-Trufero et al., 2009 ) and the Ink4/Arf cell cycle inhibitory proteins p16 (Cdkn2a) and p19 (Cdkn2d) (Molofsky et al., 2003; Bruggeman et al., 2005) .
The essential role of Polycomb genes in the regulation of neural progenitors in vivo was demonstrated by Hirabayashi and colleagues (Hirabayashi et al., 2009 ). In the developing cortex, Polycomb complexes negatively regulate Ngn1 and Ngn2 expression during the astrogenic phase. Since Ngn1 and Ngn2 sustain the neurogenic phase by sequestering pro-astrogenic factors (Sun et al., 2001) , the silencing of these genes by Polycombmediated repression allows for the proper onset of the astrogenic phase. Thus, cultured neural progenitors depleted for Eed or Ring1B maintained aberrant Ngn1 and Ngn2 at late developmental stages and were not able to differentiate into astrocytes, and mice in which Ring1B was conditionally depleted in the central nervous system exhibited improper termination of neurogenesis and an impaired onset of astrogenesis (Hirabayashi et al., 2009 ).
PcG proteins in hematopoietic stem cell maintenance
The hematopoietic stem cell (HSC) lineage is one of the beststudied models of stem cell self-renewal and differentiation. Longterm reconstituting HSCs (LT-HSCs) reside as rare cells in the bone marrow and sit atop a hierarchy of progenitors that become progressively restricted to several or single lineages. These progenitors are able to generate short-term repopulating HSCs (stHSCs), which, in turn, yield blood precursors devoted to unilineage differentiation and the production of mature blood cells, including red blood cells, megakaryocytes, myeloid cells (monocytes/macrophages and neutrophils) and lymphocytes (Kondo et al., 2003; Wang and Wagers, 2011) .
Several reports have elucidated the role of PcG proteins in HSC maintenance. As mentioned above for neural progenitors, the PRC1 component Bmi1 has been reported to inhibit the Ink4/Arf locus, which encodes the cell cycle inhibitors p16 and p19, and this also applies in HSCs . Moreover, Bmi1 is also implicated in the repression of developmental genes such as Ebf1 and Pax5. Depletion of Bmi1 causes aberrant expression of Ebf1 and Pax5, which results in premature lymphoid lineage specification (Oguro et al., 2010) . Interestingly, a switch of the Cbx composition in PRC1 regulates the transition from self-renewal to the differentiated state of mouse HSCs (Klauke et al., 2013) , in line with the observations made in ESCs (Morey et al., 2012) . The data reported suggest that Cbx7 is required for self-renewal of mouse HSCs, whereas Cbx2/4/8 are essential for their differentiation. In a separate study (van den Boom et al., 2013) , the absence of CBX2 was found to strongly impair human HSC maintenance, with a decreasing level of proliferation and an increasing level of apoptosis. At the molecular level, CBX2 represses the expression of the pro-senescence factor P21 in this context (van den Boom et al., 2013) . This apparent discrepancy in its activity seems to be due to species-specific functions of Cbx2. Indeed, depletion of Cbx2 in mouse does not affect HSC self-renewal (van den Boom et al., 2013) .
Tight regulation of the expression of PRC2 components is also crucial for proper HSC identity. Several studies have highlighted the role of Ezh1 and Ezh2 in embryonic and adult HSCs. Loss of Ezh2 severely impaired fetal HSC self-renewal without affecting the function of adult stem cells present in the bone marrow, except that lymphopoiesis was somewhat impaired (Su et al., 2003; Su et al., 2005 
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Development 140 (12) REVIEW Development 140 (12) By contrast, Ezh1 deficiency severely reduced the adult HSC fraction, impairing HSC self-renewal and quiescence (MochizukiKashio et al., 2011) . Hidalgo and colleagues have recently reported that Ezh1 is able to keep adult HSCs in a slow-cycling state by repressing proliferation, as well as protecting adult HSCs from senescence and premature differentiation (Hidalgo et al., 2012) . At the molecular level, Ezh1 represses master senescence regulators such as the Ink4/Arf locus and Bmp2. Thus, Ezh2 is essential in fetal HSCs, whereas Ezh1 is required in the adult. This suggests that a functional switch between Ezh2 and Ezh1 regulates the specificity of PRC2 in the embryo and in the adult.
PcG promotes self-renewal in epidermal stem cells
The skin epidermis is a stratified epithelium that acts as a barrier to protect the organism against external stresses and microorganisms (Beck and Blanpain, 2012) . Different stem cells contained in various epidermal niches (such as the interfollicular epidermis, hair follicles, and sebaceous glands) regulate the maintenance and repair of the epidermis. Here we present a brief overview of the role of PcG proteins in skin (for details, see Frye and Benitah, 2012) . Loss of Ezh2 impairs proliferation and induces premature differentiation of the basal layer of the epidermis (Ezhkova et al., 2009; Ezhkova et al., 2011) . At the molecular level, Ezh2 acts by repressing the Ink4/Arf and epidermal differentiation complex (EDC) loci, the latter of which encodes differentiation genes required for skin maturation. In addition, loss of the PRC2 component Jarid2 similarly results in increased differentiation and decreased proliferation (Mejetta et al., 2011) . However, the effects of Ezh2 KO in the epidermis are predominant during embryogenesis and less severe in adults, whereas the Jarid2 epidermal KO showed postnatal defects. Supporting a role for PRC2 in the epidermis, Lien and colleagues have recently identified a low number of bivalent domains in hair follicle stem cells, indicating that PcG proteins are involved in the cell fate transition of these cells (Lien et al., 2011) .
Like PRC2, PRC1 also plays an important role in the epidermis. Indeed, a recent study demonstrated that the PRC1 component Cbx4 is required for the maintenance of basal epidermal cells, preventing senescence and premature differentiation, through direct regulation of p16 (Luis et al., 2011) . Interestingly, Cbx4 is also likely to prevent differentiation in a PRC1-independent manner: the inhibition of differentiation mediated by Cbx4 requires its E3-SUMO ligase activity but not the recognition of H3K27me3 mediated by its chromodomain. Together, these data suggest an important role for PcG complexes in promoting the self-renewal and maintenance of epidermal stem cells by impairing their premature differentiation.
Conclusions
The use of mouse ESCs has provided a great opportunity for investigating developmental PcG functions in vitro. ESC differentiation largely recapitulates differentiation during embryonic development, with each step corresponding to a specific developmental stage. Interestingly, studies in differentiating ESCs suggest that PcG complexes set up lineage commitment from pluripotent to differentiated cells (Surface et al., 2010) . This is due to the dynamic activities of PcG complexes, which regulate specific sets of genes at different developmental stages (Mohn et al., 2008) . PcG complexes are involved in cell fate transitions, not only in pluripotent ESCs but also in several embryonic and adult multipotent stem cell types (Richly et al., 2011) . Indeed, a key PcG function in pluripotent and multipotent stem cells is to establish bivalent domains that allow rapid activation of the gene upon differentiation stimuli. Although the relevance of bivalent domains is still debated, several studies indicate that bivalency is an evolutionarily conserved mechanism of regulating cell fate transitions (Alder et al., 2010; Vastenhouw et al., 2010) . Apart from their key role in cell fate transitions, PcG proteins are essential for the maintenance of several stem cell types. It is clear that the loss of the PRC1 components Ring1A/B and of several PRC2 components impairs ESC self-renewal. In various multipotent stem cells, PcG proteins maintain self-renewal by repressing differentiation and senescence players, such as those encoded at the Ink4/Arf locus. Notably, at the molecular level, the roles of the PcG proteins are unique for each stem cell type and also vary within the same cell type depending on the developmental stage and the environmental stimuli. One possible explanation is that the composition of PcG proteins within the PcG complexes determines the specificity of their function. Indeed, increasing evidence from recent studies indicates that the composition of PcG complexes, particularly PRC1, is variable and dynamic in different cell types and at different developmental stages. In addition, exchanging components can have profound effects on complex function. Thus, in ESCs and HSCs, exchanging the Cbx protein in PRC1 is involved in the switch from a self-renewing to a differentiating state, whereas in HSCs the Ezh component in PRC2 differs between embryonic and adult stages, concomitant with differential activities of the complex. Whether these principles apply to other complex components or in other cell types has yet to be seen, but these examples demonstrate that a more detailed characterization of PcG complex composition will contribute greatly to our knowledge of their specific functions in different developmental and cell type contexts.
Importantly, in recent years stem cells have emerged as a possible tool for tissue regeneration upon lesions induced by trauma or disease. Further knowledge of the epigenetic networks underlying stem cell biology will increase the therapeutic use of stem cells in regeneration. Moreover, the discovery of iPSC reprogramming has opened new opportunities for regenerative medicine (Robinton and Daley, 2012) , although the process remains slow and inefficient. Given that PcG complexes are essential for proper iPSC generation, more detailed information about the role of PcG genes in reprogramming could increase the efficiency and the quality of the iPSC generation process, thereby improving the therapeutic potential of iPSCs.
Finally, increasing knowledge about stem cell biology, and the roles of epigenetic modifiers therein, will aid the fight against cancer. Data indicate that a stem cell population within the cancer (cancer stem cells) is responsible for tumor initiation and for resistance to therapy. Several PcG genes are dysregulated in cancer, implying that PcG complexes are likely to play a crucial role in cancer generation and in the maintenance of cancer stem cells (Piunti and Pasini, 2011) . Thus, understanding Polycomb gene functions will be crucial for elucidating the molecular mechanisms that regulate embryonic development and stem cell function in tissue homeostasis, regeneration and cancer.
